Respiratory syncytial virus (RSV) preferentially infects respiratory epithelium and is an important cause of lower respiratory tract infections in young children. RSV induces the production of interleukin (IL)-8 in airway epithelial cells; however, the mechanism of this induction is not known. To define the mechanism by which RSV induces IL-8 gene activation, A549 epithelial cells were transfected with plasmids containing serial deletions of the 5' -flanking region of the IL-8 gene and then exposed to RSV for 24 h. A positive cooperative effect of the binding sites for the transcription factors, nuclear factor (NF)-KB and NF -IL-6, was observed. Mutations in either region abates responsiveness of the promoter to RSV infection. RSV also increases activation of the NF-KB and NF -IL-6 transcription factors. These data suggest that RSV may increase IL-8 production in airway epithelium partly via activation of the transcription factors NF-KB and NF -IL-6.
Induction of Interleukin (IL)-8 Gene Expression by Respiratory Syncytial Virus
Involves Activation of Nuclear Factor (NF)-KB and NF-IL-6 alveolar epithelial cells [81, were cultured at 37°C in 5% carbon dioxide in Eagle's MEM (Cancer Center, University ofIowa) containing 10% heat-inactivated fetal bovine serum (Hyclone, Logan, UT), 4 mM t-glutamine, 100 U/mL penicillin, 100 U/mL streptomycin, and 80 j.tg/mL gentamicin. The cells were subcultured twice weekly.
Virus. RSV strain A2 (lot 3W) was obtained from ATCC, where it was propagated in HEp-2 cells and harvested at 10 6 TCIDso/mL. TCID so refers to the quantity of virus that will produce obvious cytopathic effects in 50% of the tissue culture plates infected; it was calculated using the method of Reed and Muench [9] . Sterile vials were kept frozen at -70°C. For all experiments, new vials were thawed rapidly at 37°C and used immediately.
Infection protocol. We previously showed that RSV at 10 4 TCIDsolmL was the optimal dose for induction of IL-8 in this system [5] . Therefore, this amount of virus was used in all experiments.
Transfection and chloramphenicol acetyltransferase (CAT) assay. Plasmids containing serial deletions of the 5' -flanking region of the IL-8 gene linked to CAT expression vectors were constructed as described previously [10] [11] [12] ; they are schematically depicted in figure IE. Mutations in the 5'-flanking region of the IL-8 gene from -94 to -71 bp were synthesized and linked to -50-CAT as described previously [10] [11] [12] . The wild-type sequence from -94 to -71 bp is CAGTTGCAAATCGTG-GAA TTTCCT. Sequences of the mutant plasmids are as follows: (sites of mutation are indicated in lower case) mutant 1 (,6 . 94, 93, 92), agcTTGCAAATCGTGGAATTTCCT; mutant 2 (,6 . 73, 72, 71), CAGTTGCAAATCGTGGAATTTaaa.
Mutant 1 retains intact NF-KB, activator protein (Ap)-3, and octamer sequences; mutant 2 retains intact NF -IL-6, Ap-3, and octamer sites. Plasmids containing triplicates ofthe sequences from -94 to -80 bp (NF-IL-6 binding site) and from -80 to -71 bp (NF-KB binding site) of the 5' -flanking region of the IL-8 gene were also synthesized and linked to -50-CAT expression vectors as described previously [10] [11] [12] . A549 cells were grown in 100-mm tissue culture plates tõ 60%-75% confluency. Transfection of plasmid DNA into A549 cells was done by the calcium phosphate coprecipitation method [13] . In brief, 5 f-lg of plasmid DNA suspended in TE buffer (1 mM EDTA, 10 rnM TRIS, pH 8.0) and an equal volume of 2x HeBS solution (pH 7.0) were combined in a sterile plastic tube, and a 1:20 volume of 2.5 M CaCh was slowly added by drops. The mixture was kept still at room temperature for 30 min. Medium was then removed from the A549 cells, and~1 mL of the above solution was added per plate (each transfection was done in duplicate). After a 10-min incubation at room temperature, medium was added back to the cells, and they were incubated at 37°C. After a 5-h incubation, the cells were exposed to a 15% glycerol-l X HeBS solution for 1 min and then washed three times with 1X PBS. Fresh medium was applied, and cells were incubated at 37°C. After 24 h, the cells, except for control groups, were exposed to RSV (10 4 TCIDso/mL) and incubated at 37°C. Cells were harvested 24 h later, and cell extracts were prepared by sonication and assayed as previously described [14] .
Supernatants of the sonicated cell extracts were incubated with 0.1 f-lCi ofC 4C]chloramphenicol (New England Nuclear, Wilmington, DE) and 1.0 mM acetyl coenzyme A for 90 min. CAT assays were done by separating unacetylated chloramphenicol from its acetylated derivatives on a TLC plate with a chloroform-methanol (95:5) solvent. The plates were exposed to XAR-2 film, and radioactivity was quantitated using a thin-layer chromatography scanner (Radiomatic, Tampa, FL). Experiments were done in triplicate.
Nuclear extracts and electrophoretic mobility shift assays. A549 cells were grown to confluence in 100-mm tissue culture plates, and the medium was changed during the morning of the experiment. RSV (10 4 TCIDso/mL) or control medium was added to each plate. The cells were incubated at 37°C and then harvested 3, 24 and 48 h after RSV exposure. The nuclear extracts were prepared as described previously [15 -18] . In brief, cells were resuspended in 0.4 mL of lysis buffer (10 mM HEPES [pH 7.8], 10 rnM KCl, 2 rnM MgCh, 0.1 mM EDT A), placed on ice for 15 min, and then vigorously mixed after the addition of 25 f-lL of 10% Nonidet P-40. After a 30-s centrifugation (15,800 g, 4°C), the pelleted nuclei were resuspended in 50 f-lL of extract buffer (50 mM HEPES [pH 7.8], 50 mM KCl, 300 mM NaCI, 0.1 mM EDTA, 10% glycerol) and incubated on ice for 20 min. Nuclear extracts were stored at -70°C. For competition experiments, 100-fold excess unlabeled oligomers were added at the same time as the poly [d(I -C)] for 10 min on ice before addition of labeled probes [19, 20] . Experiments were repeated two or three times .
Results

Identification of DNA sequences required for RSV-induced lL-8 gene expression in A549 epithelial cells.
To define the DNA sequences required for RSV-induced IL-8 gene expression, we transfected A549 cells with CAT expression plasmids containing serial deletions of the 5'-flanking region of the IL-8 gene (figure 1B), and after 24 h of exposure to either medium alone or RSV (l0 4 TCIDso/mL), the cells were harvested and CAT activity quantified as described in Methods. Initial studies showed that deletions up to -94 bp preserve the ability of RSV to induce CAT activity (data not shown). NF-IL-6 NF-JC8 activity was also detectable 24 and 48 h after RSV exposure. Tumor necrosis factor (TNF; 20 ng/ml.), a known inducer of NF-KB in A549 cells , was incubated with some cells for 3 h, and the resulting nuclear proteins were used as a positive control. Competition assays were done using unlabeled NF-KB oligomers as a cold competitor to NF-KB binding: The unlabeled oligomer completely inhibited RSV -induced binding (figure 6), demonstrating that the binding was specific for NF-
KB.
RSV-induced NF-IL-6 activation in A549 cells. A549 cells were grown to confluence in IOO-mm tissue culture plates and incubated with either medium alone or RSV (10 4 TCID so/mL) . At 3, 24, and 48 h after RSV exposure, the cells were harvested, nuclear protein extracted, and gel mobility shift assays were done using NF -IL-6 oligomers. RSV induced increased activation of NF -IL-6 in A549 cells within 3 h (figure 7), and increased activity was also detectable 24 and 48 h after RSV exposure. Addition of excess unlabeled oligomcrs (cold competitor) completely abolished the previously detected band (data not shown), demonstrating that the binding was specific for NF-IL-6.
RSV-induced AP-3 activation in A549 cells. A549 cells were grown to confluence in IOO-mm tissue culture plates and incubated with either medium alone or RSV (10 4 TClDsolmL). At 3, 24. and 48 h after RSV exposure, the cells were harvested, nuclear protein was extracted. and gel mobility assays were done using Ap-3 oligomers. TNF (20 ng/mL) was incubated with some cells for 3 h, and the resulting nuclear proteins were used as a positive control. RSV did not increase Ap-3 activation in A549 cells at 3 or 48 h and only weakly induced increased activation at 24 h (figure 8). containing plasmid reproduced the wild-type plasmid inducibility of CAT activity after exposure to RSV. These data suggest that RSV-induced IL-8 gene expression involves cooperative binding at sites for NF-KB and NF-IL6 and that neither site alone is sufficient for full gene expression.
RSV-induced NF-KB activation in A549 cells. A549 cells were grown to confluence in IOO-mm tissue culture plates and incubated with either medium alone or RSV (10 4 TCID so/mL). At 3. 24, and 48 h after exposure to RSV , the cells were harvested. nuclear protein was extracted, and gel mobility shift assays were done using NF-KB oligomers. RSV induced activation ofNF-KB in A549 cells within 3 h (figure 5), and increased To complement these observations, we also determined if RSV could directly activate the transcription factors that bind to these sites in the IL-8 gene : We showed that RSV activates both NF-KB and NF -IL-6 in A549 epithelial cells. This, in conjunction with the data above, strongly suggests that RSVinduced IL-8 gene expression involves activation of the transcription factors NF-KB and NF -IL-6. To our knowledge, this study, which provides further insight into RSV-induced lL-8 production in airway epithelium without specifically defining the mechanism, is the first to demonstrate RSV-induced activation ofNF-KB and NF -IL-6.
Our previous study [5] suggested a role for oxidant tone in the regulation of RSV-induced IL-8 production. Alterations in redox status can affect the activation of transcription factors, in particular NF-KB [23, 24] ; therefore, RSV infection may activate transcription factors by altering the redox status of the cells. The activation state of these transcription factors , in tum , appears to play an integral role in the production of several inflammatory cytokines implicated in the inflammatory response to RSV (i.e., IL-8, IL-6 and granulocyte-macrophage colony-stimulating factor). Defining the true impact, if any, of RSV infection on cellular redox status is important and is the subject of ongoing studies. 4 TCIDso/mL). Nuclear extracts were harvested 3, 24, and 48 h later, and proteins were analyzed for Ap-3. Several prior studies, using various stimuli and celI lines, demonstrated that NF-KB and NF-IL-6 playa vital role in the regulation of IL-S gene expression. The studies also suggested that each factor may possess a variable degree of importance, depending on the cell line and the stimulus used, [22] and that induction of the IL-8 gene by TNF, IL-I, phorbol myristate acetate, and hepatitis B virus protein X requires the cooperative effect of NF-KB and NF -IL-6 [10, II] . These previous studies and the present study did not however, demonstrate a significant role for AP-3 or octamer sites in fL-8 gene activation.
